The plasminogen activator staphylokinase (SAK) is a promising thrombolytic agent for treatment of myocardial infarction. It can specifically stimulate the thrombolysis of both erythrocyte-rich and platelet-rich clots. However, SAK lacks fibrin-binding and thrombin inhibitor activities, two functions which would supplement and potentially improve its thrombolytic potency. Creating a recombinant fusion protein is one approach for combining protein domains with complementary functions. To evaluate SAK for use in a translational fusion protein, both N-and C-terminal fusions to SAK were constructed by using hirudin as a fusion partner. Recombinant fusion proteins were secreted from Bacillus subtilis and purified from culture supernatants. The rate of plasminogen activation by SAK was not altered by the presence of an additional N-or C-terminal protein sequence. However, cleavage at N-terminal lysines within SAK rendered the N-terminal fusion unstable in the presence of plasmin. The results of site-directed mutagenesis of lysine 10 and lysine 11 in SAK suggested that a plasmin-resistant variant cannot be created without interfering with the plasmin processing necessary for activation of SAK. Although putative plasmin cleavage sites are located at the C-terminal end of SAK at lysine 135 and lysine 136, these sites were resistant to plasmin cleavage in vitro. Therefore, C-terminal fusions represent stable configurations for developing improved thrombolytic agents based on SAK as the plasminogen activator component.
As a clinical treatment for myocardial infarction, activating endogenous plasminogen effectively dissolves pathologic clots and saves patient lives. Plasminogen activators, identified in and cloned from human sources (tissue plasminogen activator [t-PA] and urokinase-like plasminogen activator [u-PA]) and bacterial sources (streptokinase and staphylokinase [SAK] ), can catalyze the conversion of circulating plasminogen to the active protease plasmin (14, 35) . The plasminogen activators currently used for clinical thrombolytic treatment include bacterial streptokinase and human u-PA and t-PA (7) . One detrimental property of these agents, at pharmacological doses, is the fact that they lack fibrin specificity or exhibit only partial fibrin specificity. Consequently, the side effects of treatment involve systemic activation of plasminogen, which results in proteolytic degradation of several plasma proteins. Reductions in blood fibrinogen and other clotting components expose patients to a serious risk of secondary hemorrhaging complications. The clot specificity of thrombolytic proteins can be enhanced by chemical cross-linkage to an anti-fibrin-specific monoclonal antibody, 59D8. Acquired fibrin affinity has resulted in 10-to 29-fold increases in clot-localized activity for both thrombolytic proteins (t-PA [28] and u-PA [3] ) and an anti-thrombin protein (hirudin [2] ). These results demonstrate that engineering fibrin affinity can improve the effectiveness of thrombolytic agents. Since chemical cross-linking creates a heterogeneous mixture of products, this approach is unsuitable for pharmacological agents used in human patients. In addition, chemically cross-linking two proteins may result in a reduction in the specific activity of one or both of the protein subunits (26) . A translational fusion between u-PA and a single-chain derivative (scFv) of fibrin-specific monoclonal antibody MA-15C5 resulted in a bifunctional product that exhibited a 13-fold increase in thrombolytic potency in vitro (19) . Using the latter approach overcomes the heterogeneity problem and the need for postpurification processing inherent to chemical cross-linking.
A second factor that limits effective thrombolytic treatment is the elevated clot-forming activity of thrombin observed in patients (24) . Active clotting antagonizes the thrombolytic effort and can result in reocclusion even after successful degradation of the initial clot (16, 25) . The strategies used to limit clot reformation include blocking the key protease thrombin by using specific inhibitors, such as heparin or hirudin.
SAK is a recently rediscovered plasminogen activator (9) that is isolated from bacteriophage (1, 29) or lysogenic strains (11) of Staphylococcus aureus. SAK is a plasminogen activator that exhibits many desirable thrombolytic properties in vivo. Limited clinical trials have shown that SAK is as effective as t-PA at achieving early perfusion in myocardial infarction patients (62 and 57%, respectively [34] ). In addition, SAK exhibits better fibrin specificity than t-PA (without having direct affinity for fibrin) and is capable of dissolving platelet-rich clots (8, 21) . These natural properties support the conclusion that SAK should be used as a thrombolytic agent for clinical treatment. Since early reperfusion is not obtained in 38% of treated patients, the thrombolytic effectiveness of SAK can still be improved. SAK lacks any affinity for fibrin and the ability to inhibit thrombin, two functions which would supplement and potentially improve its thrombolytic potency. Both of these functions can be combined with SAK by constructing translational fusions with fibrin-binding or anti-thrombin protein domains.
There have been no previous reports describing SAK in the context of a fusion protein. Since protein extensions to u-PA affected its activity (38) and lysine 10 within SAK has been shown to be sensitive to plasmin cleavage (10, 33) , it was necessary to first evaluate the utility of SAK as a fusion component. To do this, we constructed model fusion proteins by joining SAK to the small functional domain hirudin variant 1 (HV1) in both N-and C-terminal configurations. These proteins were produced by using an engineered Bacillus subtilis expression system (41) via secretion. Hirudin was selected as a fusion partner because of its compatibility with the secretion system. To develop successful SAK fusions, the SAK domain in the proteins should retain full biological activity and the fusion proteins should be resistant to plasmin digestion. Therefore, these two criteria were used to evaluate the fusion proteins obtained. In addition, SAK variants with substitutions of the N-terminal lysines were constructed and characterized in order to create a plasmin-resistant form of SAK suitable for Nterminal fusion.
MATERIALS AND METHODS

Construction of SAK expression vectors.
A seven-protease-deficient strain, B. subtilis WB700 (trpC2 nprE aprE epr bpf ⌬mpr::ble ⌬nprB::bsr ⌬vpr::ery), was used as an expression host for production and secretion of recombinant proteins (43) . SAK 42D (1) was produced by using plasmid pSAKP (Fig. 1B) (42) . Additional SAK sequence variants were generated by incorporating different site-directed nucleotide changes into primers used for PCR amplification of SAK (Table 1 and Fig. 1 ). To replace the lysine residue occupying the 10th or 11th position (Lys-10 or Lys-11) with one of four selected amino acids, forward primer sets A/E10SAKF, H/R10SAKF, A/E11SAKF, and H/R11SAKF were designed with twofold redundancy. Mixed codons within each redundant primer set (G[A, C]A or C[A, G]T) were used to encode either glutamic acid, alanine, histidine, or arginine instead of lysine. The same strategy was used to create a triple-alanine substitution at Lys-6, Lys-8, and Lys-10 (A 6 A 8 A 10 SAK) and a deletion variant lacking the first 10 amino acids of mature SAK (⌬N 10 SAK). The primers were also designed to facilitate cloning of the SAK PCR products as in-frame translational fusions with the modified levansucrase secretion signal peptide (sacB signal peptide) (39) . Processing at the signal peptidase cleavage site allowed production of secreted SAK proteins with no additional N-terminal amino acids. The reverse primer SAKR engineered a PstI site 140 bp downstream of the SAK translation termination codon. PCR amplification with Taq polymerase (Pharmacia, Baie d'Urfé, Quebec, Canada) or Vent polymerase (New England Biolabs, Mississauga, Ontario, Canada) was performed by using the manufacturers' instructions. The amplification conditions were as follows: 30 cycles consisting of 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min. The amplified SAK sequences were purified, digested with HindIII and PstI, and cloned into pWB705HM. pWB705HM is a variant of pWB705 (41) in which the second downstream HindIII restriction enzyme site has been removed by an end fill and religation treatment. pWB705HM contains the P43 promoter (36) and a modified sacB signal sequence (39) cloned into pUB18 (40) , a derivative of pUB110 (23) . The final clones were confirmed by DNA sequence determination.
To create the HV1-SAK expression plasmid pBsHV1SAK, the cassette from pSAKP (P43 promoter, sacB signal peptide, SAK) was subcloned as a EcoRISphI fragment into a derivative of the Escherichia coli vector pUC18 (in which the HindIII site had been destroyed by an end fill reaction) to generate pEcSAKP ( Fig. 2A) . A DNA fragment encoding the HV1 linker peptide was created by PCR amplification of a synthetic hirudin sequence (catalog no. BBG 45; R & D Systems, Minneapolis, Minn.) with primers HV1SAKF and HV1SAKR. Primer HV1SAKF modified the DNA sequence upstream of the first codon in hirudin in order to facilitate proper fusion to the sacB secretion signal sequence. Primer HV1SAKR extended HV1 with a synthetic peptide linker-encoding sequence, creating an in-frame fusion between the two domains. The HV1 linker PCR fragment was digested with HindIII and XhoI and inserted between the sacB signal peptide and SAK sequences within pEcSAKP to create pEcHV1SAK. The entire HV1-SAK expression cassette was subcloned by using EcoRI and SphI from pEcHV1SAK into pWB705HM to generate pBsHV1SAK for expression in B. subtilis.
The SAK-HV1 expression plasmid pBsSAKHV1 was constructed by first incorporating a linker peptide-encoding sequence upstream of the translation termination codon of SAK (Fig. 2B) . To do this, primers SAKHV1R and SAKHV1F were used to amplify the entire pSAKP plasmid by inverse PCR (37) . Then, the synthetic hirudin sequence (R&D Systems) was used as a template for PCR amplification with primers HV1F and M13-20. The amplified HV1 sequence was digested with BamHI and ligated to the inverse PCR product cut with BamHI and BclI. The final constructs were confirmed by DNA sequencing.
Purification of SAK proteins. For protein purification, B. subtilis strains were grown in 0.5-liter batch cultures in superrich medium (18) supplemented with 10 mg of kanamycin per liter at 37°C for 5.5 h; the cultures were shaken at 300 rpm. Bacterial cells were removed from each culture by centrifugation in a Sorvall type GSA rotor at 9,200 ϫ g for 20 min at 4°C. The culture supernatant was collected, and EDTA and phenylmethylsulfonyl fluoride were added to concentrations of 10 and 2 mM, respectively. The supernatant was salt fractionated at 4°C with ammonium sulfate at 45% saturation prior to precipitation of SAK protein at 65% saturation. Salted samples were centrifuged as described above at 19,600 ϫ g. The final pellets were resuspended in 15 ml of S-200 buffer (10 mM Tris-HCl, 1 mM EDTA, 250 mM NaCl; pH 8.5). Each dissolved sample was on a Sephacryl HR S-200 column (2.5 by 100 cm) at 4°C separated with a flow rate of 24.5 cm h
Ϫ1
. Fractions (9 ml) were collected, and aliquots were analyzed to determine yield and purity by protein gel electrophoresis and Coomassie blue staining. The fractions selected were pooled and dialyzed against cation-exchange buffer (1 mM EDTA, 4.8 mM citric acid, 10.4 mM disodium phosphate; pH 5.0) at 4°C prior to separation on a carboxymethyl cellulose (Whatman CM-52; Fisher Scientific, Nepean, Ontario, Canada) column (2.5 by 4.0 cm) (29) . Separate CM-52 matrix was used for each SAK variant to prevent cross-contamination of samples. Each bound sample was washed with 3 column volumes of cationexchange buffer and then eluted with 5 volumes of a linear 0 to 0.5 M NaCl gradient in buffer. Fractions containing SAK protein were dialyzed against 0.1 mM EDTA-10 mM Tris-HCl (pH 7.5) at 4°C. The final samples were lyophilized and resuspended in sufficient 10% glycerol to achieve 10-fold concentration prior to storage at Ϫ80°C.
To purify HV1-SAK and SAK-HV1 fusion proteins, cultures were grown and isolated culture supernatants were salt fractionated as described above. The pellets obtained from ammonium sulfate precipitation were resuspended in 4 ml of S-100 buffer (50 mM acetic acid, 250 mM NaCl; pH 5.0), and the soluble fraction was separated on a Sephacryl S-100 size exclusion column (2.5 by 38 cm) at a linear flow rate of 12.2 cm h Ϫ1 . Fractions (3 ml) were collected and were analyzed by using gel electrophoresis and Coomassie blue staining. Selected fractions were pooled and dialyzed against cation-exchange buffer (50 mM acetic acid, pH 4.5) at 4°C before separation on a Pharmacia Mono S HR 5/5 column with a 0 to 1 M NaCl gradient. Selected Mono S fractions were dialyzed against an anion-exchange buffer (20 mM bis-Tris, pH 5.8) before separation on a Mono Q HR 5/5 column with a 0 to 1 M NaCl gradient. Each purified sample was lyophilized to a volume of 100 l, and final buffer exchange and size exclusion separation were performed with a Superdex 75 HR 10/30 column equilibrated with 20 mM bis-Tris-20 mM NaCl (pH 6.5). Purified protein fractions were pooled and stored at Ϫ80°C.
Plasminogen purification. Human plasminogen was isolated from sodium citrate-treated plasma obtained from the Red Cross of Calgary, Canada. As described by Deutsch and Mertz (12) , frozen plasma was mixed with an equal volume of phosphate-buffered saline (PBS) (136 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ; pH 7.4), and then diisopropyl fluorophosphate (Sigma, Oakville, Ontario, Canada) was added to a final concentration of 5.5 mM. The plasma solution was stirred at room temperature for 5 h and then dialyzed for 16 h against 4 liters of PBS at 4°C. Plasminogen obtained from the diisopropyl fluorophosphate-treated plasma was affinity purified on a lysine Sepharose (Pharmacia) column (1.5 by 11 cm) and was eluted with 200 mM ε-aminocaproic acid in PBS. The lysine analog was removed from purified plasminogen samples by dialysis for 16 h at 4°C against PBS before aliquots were stored at Ϫ80°C.
N-terminal processing of SAK with plasmin. The method used to process SAK with plasmin was adapted from the method of Ueshima et al. (33) . Equimolar amounts of SAK and plasminogen (1.5 M each) were combined in 100 mM Tris-HCl (pH 7.5) and incubated at 15°C for 20 min. At each time point, a 7.5-l aliquot was removed, mixed with an equal volume of 2ϫ sample loading buffer, and held at 95°C. Time point and control samples were separated by electrophoresis on a 0.5-mm-thick Tris-Tricine polyacrylamide gel for 5 h at a constant voltage of 10 V cm
. Tricine gel electrophoresis was performed by using the method of Schägger and von Jagow (30) , as modified by Chan et al. (4) . Processed proteins were transferred to a polyvinylidene difluoride membrane by electroblotting for N-terminal sequencing of individual protein bands as described by Matsudaira (22) .
The HV1-SAK and SAK-HV1 processing reactions were performed at 37°C. The processed intermediates were separated on a sodium dodecyl sulfate-12% polyacrylamide gel and transferred to a polyvinylidene difluoride membrane for sequencing (22) . N-terminal sequencing was performed at the protein microsequencing laboratory at the University of Victoria. Processed products were also detected by Western blotting with polyclonal antibodies against SAK (42), anti-hirudin polyclonal antibodies (Cedarlane Laboratories, Hornby, Ontario, Canada), and monoclonal antibody MATG 108 against the C terminus of hirudin (20) .
Plasminogen activation reaction. To monitor the rate of activation of plasminogen by SAK (32), reaction mixtures containing 1 M plasminogen, 5 nM SAK (including variant and fusion proteins), and 100 mM Tris-HCl (pH 7.5) were incubated at 37°C. At various times 5-l aliquots were removed and mixed with 35 l of stop buffer (700 mM NaCl, 100 mM Tris-HCl; pH 7.5). When all of the aliquots had been collected, 10 l of the chromogenic substrate N-p-tosylGly-Pro-Lys nitroanilide (Sigma) was added to a final concentration of 1 mM. Plasmin cleavage of the substrate was monitored with a Ceres model UV900HDi plate reader (Bio-Tek Instruments Inc., Winooski, Vt.) by determining the increase in absorbance at 405 nm over a 10-min period at 37°C. Plasmin activity (the change in absorbance at 405 nm per minute) was plotted versus the activation time (in minutes), and linear rates of plasmin generation relative to the SAK control were calculated. The means and standard deviations were determined from triplicate assays.
RESULTS
Activity and processing of HV1-SAK fusion protein.
An Nterminal fusion to SAK (HV1-SAK) containing 79 additional amino acids was constructed by using the HV1 protein (13) and a joining linker peptide sequence (Fig. 3A) . N-terminal sequencing of the first five amino acids (VVYTD) of the pu- rified protein confirmed that the signal sequence was removed correctly from this fusion protein by the B. subtilis signal peptidase. The rate of plasminogen activation by HV1-SAK was 106.75% Ϯ 8.9% of the rate of plasminogen activation by SAK alone. To determine the stability of the fusion protein in the presence of plasmin, the integrity of purified HV1-SAK was monitored in a reaction mixture containing equimolar plasminogen at 37°C for 32 min (Fig. 3B) . Rapid (Ͻ2-min) and complete processing of the 30-kDa HV1-SAK fusion protein occurred concomitantly with the activation of plasminogen to plasmin. Following cleavage, a 16-kDa protein comigrated with the ⌬N 10 SAK protein (a recombinant SAK which lacked the first 10 N-terminal amino acids and was equivalent to the plasmin-processed form of SAK), and N-terminal sequencing of the first five amino acids (KGDDA) of this protein identified the protein as processed SAK. Anti-SAK antibodies confirmed that the 16-kDa SAK domain was separated from the 30-kDa fusion protein (Fig. 3C) . The Western blot results also verified that the 29-kDa protein (reaction time, Ն2 min) was not related to the original 30-kDa HV1-SAK fusion (reaction time, 0 min). The 29-kDa protein likely represents the B chain of plasmin as its appearance correlated with the conversion of plasminogen to plasmin when preparations were analyzed under reducing conditions. Activity and processing of engineered SAK variants. To engineer plasmin resistance into the HV1-SAK fusion, potential plasmin cleavage sites within SAK were altered by sitedirected mutagenesis. Since plasmin processing has been reported only for the N-terminal region of SAK, we produced sequence variants which had amino acid substitutions in one or more of the N-terminal lysine residues. These variants were analyzed in a nonfusion context in order to establish whether cleavage of SAK by plasmin could be prevented while the specific activity of SAK as a plasminogen activator was maintained. The initial SAK variant kept Lys-11 (previously shown to be important by Gase et al. [15] ), while Lys-6, Lys-8, and Lys-10 were changed to alanines (A 6 A 8 A 10 SAK) (Fig. 1A) . The alanine substitutions in A 6 A 8 A 10 SAK delayed processing, and they also reduced the activity of this variant compared to both SAK and ⌬N 10 SAK (data not shown). Since Lys-11 was present in both ⌬N 10 SAK and A 6 A 8 A 10 SAK, the differences in structure and activity implied that cleavage after Lys-10 by plasmin was necessary for activity. A systematic analysis in which we examined plasmin processing at position 10 and the specificity for lysine at position 11 was carried out by using a series of amino acid substitutions representing neutral (Ala), positively charged (His or Arg), and negatively charged (Glu) side groups at either Lys-10 or Lys-11 (Fig. 1A) .
Processing of SAK variants with substitutions at Lys-10 or Lys-11. Each of the eight SAK variants was purified to homogeneity for analysis and comparison to SAK and ⌬N 10 SAK. Due to the rapid processing of SAK by plasmin at 37°C, the reactions were performed at 15°C in order to isolate and identify processed intermediates. In reaction mixtures containing an equimolar amount of plasminogen, the SAK variants converted plasminogen to plasmin at rates comparable to the SAK rates. With the SAK control, plasmin was first observed between 4 and 6 min (Fig. 4) . In comparison, plasmin was detected by 2 min for variant R 11 SAK and by 4 min for variants ⌬N 10 SAK, A 11 SAK, E 11 SAK, H 11 SAK, or A 10 SAK. With sequence variants E 10 SAK, H 10 SAK, and R 10 SAK plasmin was observed by 6 min. Except for the ⌬N 10 SAK reaction, the appearance of plasmin in each of the reactions directly correlated with the appearance of lower-molecular-weight forms of SAK. Tricine-polyacrylamide gel electrophoresis allowed separation of full-length SAK from intermediate and final processed forms. Figure 4 shows that like SAK, the position 11 mutants (A 11 SAK, E 11 SAK, H 11 SAK, and R 11 SAK) were converted directly to the final processed form, indicating that processing occurred at the most sensitive (i.e., primary) cleavage site. Amino-terminal protein sequencing of processed A 11 SAK confirmed that cleavage occurred following Lys-10, the site previously identified for SAK cleavage (33) .
The processing patterns obtained for position 10 variants were more complex. Like the position 11 variants, R 10 SAK also exhibited direct conversion from the full-length form to the final processed form. N-terminal amino acid determination confirmed that cleavage occurred after Arg-10 and yielded ⌬N 10 SAK with Lys-11 at the new N terminus. Therefore, Arg-10 can functionally replace Lys-10 in SAK processing by plasmin, which is consistent with the trypsinlike protease activity of plasmin (17) . H 10 Activities of SAK variants with substitutions at Lys-10 or Lys-11. The rate of plasminogen activation for each of the sequence variants was determined under excess-plasminogen conditions. The SAK, ⌬N 10 SAK, R 11 SAK, and R 10 SAK reactions began with a linear increase in plasmin activation for the initial 8 min. The relative rates of plasminogen conversion compared to the SAK control value (100% Ϯ 9.6%) were 127% Ϯ 6.4%, 172% Ϯ 12.4%, and 234% Ϯ 61.4% for ⌬N 10 SAK, R 11 SAK, and R 10 SAK, respectively. A 10 SAK had slower kinetics, with a lag period of 16 min before the maximum activation rate (71.6% Ϯ 7.4%) was reached. The remaining SAK variants (E 10 SAK, H 10 SAK, A 11 SAK, E 11 SAK, and H 11 SAK) exhibited slow, extensive lag periods and did not achieve a linear activation rate after incubation for 60 min. Although the activation rates were too low to be calculated, the qualitative results indicated that there was significant decline in SAK activity with the position 11 changes.
Specific activity and plasmin processing of SAK-HV1 fusion protein. To evaluate the alternative orientation, a SAK-HV1 fusion (Fig. 5A ) was constructed and purified. N-terminal sequencing of the first five amino acids (SSSFD) of this protein confirmed that the signal sequence was properly removed. The purified fusion was assayed for SAK specific activity. Like HV1-SAK, SAK-HV1 had a relative plasminogen activation rate (115.4% Ϯ 6.2%) equivalent to the rate of SAK alone.
In addition to the processing site between Lys-10 and Lys-11, SAK also contains a lysine doublet at the C terminus, Lys-135 and Lys-136. Although cleavage after Lys-135 or Lys-136 by plasmin has not been reported, the close proximity of these sites to the C-terminal end may have precluded detection. To monitor the plasmin sensitivity of C-terminal lysine residues in the SAK-HV1 fusion, purified protein was incubated with an equimolar amount of plasminogen, and the preparation was monitored for 32 min (Fig. 5B) . To determine the extent of plasmin processing under physiologically relevant conditions, both fusion protein reactions were conducted at 37°C. Due to comigration of the plasmin B chain and the SAK-HV1 fusion protein on a reducing gel (Fig. 5C) , separation was performed on a nonreducing gel to maintain the covalent disulfide linkage between plasmin A and B chains and thereby allow the two peptides to be resolved together as a higher-molecular-weight complex separate from the SAK-HV1 fusion protein (Fig. 5B) . Like HV1-SAK plasminogen activation (Fig. 3B) , plasminogen activation by SAK-HV1 was evident after 2 min (Fig. 5C ). Since processing after Lys-10 was expected to occur in SAK-HV1, additional cleavage after Lys-135 or Lys-136 should have liberated a SAK domain with a molecular weight equivalent to that of ⌬N 10 SAK. No processed fusion product comigrated near ⌬N 10 SAK (Fig. 5B) , and therefore no cleavage occurred at Lys-135 or Lys-136.
However, partial cleavage of SAK-HV1 yielded a protein product whose apparent molecular mass was 4 to 5 kDa less than the molecular mass of the original fusion protein. Western blot detection was performed with the 32-min reaction products by using polyclonal anti-SAK antibodies, polyclonal anti-hirudin antibodies, or monoclonal anti-hirudin antibodies specific for the C terminus. The antibody patterns confirmed that the degraded fusion product lacked the C-terminal end of hirudin due to cleavage within HV1 (Fig. 5D ). To strengthen this conclusion, N-terminal sequences of the two processed SAK-HV1 intermediates prepared after a 32-min processing reaction were determined. Both intermediates had a sequence (KGDDA) identical to that of ⌬N 10 SAK. Therefore, the SAK-HV1 processing profile which we obtained supported the conclusion that residues Lys-135 and Lys-136 in the SAK-HV1 fusion protein are resistant to cleavage by plasmin for more than 32 min at 37°C.
DISCUSSION
We used specific activity and resistance to plasmin-mediated cleavage in vitro as criteria to evaluate the utility of SAK as the plasminogen activator component in a fusion protein. Two model fusion proteins, HV1-SAK and SAK-HV1, both converted plasminogen to plasmin at rates comparable to the rate obtained with SAK alone. The normal level of SAK activity observed with HV1-SAK can be explained by rapid processing and conversion to ⌬N 10 SAK. In contrast, the C-terminal fusion SAK-HV1 was stable in the presence of plasmin. This indicates that the C-terminal lysine residues in SAK are resistant to plasmin cleavage. The recently reported structure of SAK shows that both the N terminus and the C terminus are accessible and directed away from the protein core (27) . This ar- rangement may explain why extending the protein sequence is tolerated and results in no or minimal disruption of the structure and function of SAK.
Although plasmin cleavage of SAK at Lys-10 (33) and the requirement for Lys-11 (15) have been observed previously, it was not clear whether proteolysis was necessary or occurred only because of the susceptibility of Lys-10 (29) within the unstructured and exposed N-terminal domain (27) . Our analysis indicated that full activation of SAK occurred through essential plasmin processing at Lys-10 which made Lys-11 the new N terminus. Compared to SAK, activity is reduced in SAK variants which are defective in correct processing or lack a new N-terminal lysine. In addition, the positively charged side chain in arginine can functionally substitute for lysine at the position 10 cleavage site or can fulfill the N-terminal requirement.
Schlott et al. (31) used single end point processing analysis to identify the final processed forms for a set of SAK variants, including R 10 SAK, H 10 SAK, R 11 SAK, H 11 SAK, and E 11 SAK. The results of our SAK variant analysis and the results of Schlott et al. (31) are complementary and lead to the conclusion that active SAK requires an N-terminal proximate lysine. In addition, unique subsets of SAK variants in each report contributed to the total number of different amino acid substitutions tested at both position 10 and position 11 in SAK. In contrast, we were able to identify individual processing intermediates by combining a slower reaction rate (15°C) and a time course study with high-resolution gel electrophoresis. These intermediates were used to identify and define different plasmin sensitivities for the N-terminal lysines in SAK. The ⌬N 10 SAK variant which we produced in B. subtilis was correctly processed by the signal peptidase during secretion and exhibited activity comparable to that of full-length SAK. The ⌬N 10 SAK produced as a cytoplasmic protein in E. coli by Schlott et al. (31) retained the initiation methionine and thus was a ⌬N 9 M 10 SAK variant. Schlott et al. (31) reported that the ⌬N 9 M 10 SAK protein had activity comparable to that of SAK, suggesting that the N-terminal lysine can accommodate an extra amino acid upstream without a reduction in activity. Although the requirement for an N-terminal lysine has been independently confirmed, the functional role and precise proximal requirements still need to be defined. This can be achieved by measuring the activity of SAK variants designed to test the lysine position relative to the N terminus.
Our time course study of plasmin processing by position 10 variants verified that Lys-10 is the preferred plasmin cleavage site and that once the molecule is cleaved, the remaining Lys-11 is stable. In the absence of a plasmin substrate at position 10, plasmin cleaves after the secondary sites at Lys-6, Lys-8, and Lys-11, and there is eventual processing to the smallest stable form, ⌬N 11 SAK. Therefore, removal of the Lys-10 processing site is not sufficient to make SAK resistant to plasmin, and removal of all four N-terminal lysines should inactivate SAK. Consequently, creation of a plasmin-resistant SAK variant for construction of N-terminal fusions does not appear to be possible without directly compromising SAK activity.
Our results and the results of other workers (31) show that the requirement for an N-terminal lysine in SAK depends on the relative amounts of plasminogen and SAK activator. Under physiologically relevant conditions when the activator is limiting, the activation rates of SAK variants with nonconservative substitutions of Lys-11 (A 11 SAK, E 11 SAK, and H 11 SAK) are significantly reduced. Models that describe SAK activation of plasminogen indicate that SAK-plasmin complexes are capable of cleaving both free and SAK-bound plasminogen (9). Gase et al. (15) have suggested that ⌬N 10 SAK-plasmin, but not SAK-plasmin, can activate plasminogen directly. Therefore, lysine at the new N terminus of ⌬N 10 SAK may be necessary for plasmin to utilize plasminogen as a substrate. In contrast, conversion of plasminogen to plasmin in reaction mixtures containing equimolar amounts of plasminogen and activator shows little dependence on the N-terminal amino acid of SAK. Under equimolar conditions, SAK-bound plasminogen should predominate over free plasminogen. Since SAK-bound plasminogen can be used as a substrate by both processed SAK-plasmin and unprocessed SAK-plasmin complexes, SAK position 10 or 11 variants would be expected to activate plasminogen at rates similar to the SAK rate under equimolar conditions.
For the N-terminal fusion protein HV1-SAK, the rapid separation of the HV1 and SAK domains by plasmin in vitro suggests that the function of the fusion protein (i.e., colocalization of the two activities) is not realized in vivo during exposure to plasmin. For this reason, N-terminal fusions to SAK are not useful for designing improved thrombolytic agents for use in vivo.
Testing SAK-HV1 for plasmin processing confirmed the resistance of Lys-135 and Lys-136 to plasmin cleavage in vitro. Sako (29) observed a loss of activity after substitution in the C-terminal region of SAK. Also, Gase et al. (15) have shown that deletion of one or both of the C-terminal lysines (Lys-135 and Lys-136) eliminates SAK activity. Removal of Lys-135 and/or Lys-136 transformed normally soluble SAK protein into an insoluble protein during E. coli expression, suggesting that the terminal amino acids are involved in protein folding or stabilization of the tertiary structure. Both C-terminal lysine residues were present in the SAK-HV1 fusion. In addition, an 18-amino-acid linker peptide connecting SAK to HV1 was included to minimize interdomain interference during protein folding.
We encountered sensitivity of hirudin to plasmin digestion in a portion of the SAK-HV1 protein population. Chatrenet and Chang (6) observed that trypsin sensitivity at Lys-36 in refolded hirudin was proportional to the amount of nonactive hirudin, and Chang observed that native hirudin is resistant to many proteases (5) . Based on hirudin disulfide shuffling in vitro (6) , the absence of a disulfide isomerase results in 42% of the hirudin being recovered as nonnative isomers. Together, these findings suggest that the observed cleavage of HV1 in the SAK-HV1 population may be due to the accumulation of nonnative conformations as a result of the absence of disulfide isomerase activity in the extracellular environment of B. subtilis.
In the process of determining the utility of SAK in recombinant fusion proteins, we characterized the plasmin cleavage site in SAK and its role in SAK activity. Cleavage at Lys-10 is important for creating a new N-terminal residue (Lys-11) with a lysine functional group. The required processing of the SAK N-terminal domain precludes developing a plasmin-resistant form for the construction of N-terminal SAK fusions. Plasmin resistance and wild-type activity indicate that SAK can accommodate additional protein sequences fused to its C-terminal end. These results should allow rational development of improved thrombolytic agents based on SAK.
